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We explore the possibility of combining density functional theory DFT and electron energy loss spectros-
copy EELS to determine the dielectric function of materials. As model systems we use the skutterudites
CoP3, CoAs3, and CoSb3 which are prototypes for thermoelectric materials. We achieve qualitative agreement
between the theoretically and experimentally obtained low energy-loss spectra and dielectric function. Some of
the remaining discrepancies may be caused by the challenge of refining the experimental spectra before
Kramers-Kronig analysis. However, contrary to what is the case for some crystals with less complicated
electronic structure, the DFT calculated plasmon energies deviate significantly from the experimental values.
The great accuracy with which the plasmon energy can be determined by EELS, suggests that this technique
may provide valuable inputs in further efforts to improve DFT calculations. The use of EELS as the experi-
mental technique may become particularly powerful in studies of small volumes of materials.
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I. INTRODUCTION
Many electron energy-loss spectroscopy EELS studies
have focused on the energy loss edges corresponding to the
excitation of core electrons, usually occurring above 100 eV.
These excitations normally involve dipole allowed transi-
tions from an initial state which is highly localized in energy,
to a final state above the Fermi level. The relative intensity of
these features can be used for quantitative studies of compo-
sition, while the fine structure will reflect the local density of
empty states. Numerous studies have used these core-loss
edges to investigate the electronic structure and bonding of
materials.1–7
In comparison, the energy-loss features appearing at
lower energies below 50 eV are less studied, even though
they can be orders of magnitude more intense than the core
losses discussed above. These low energy-loss spectra con-
tain a wealth of information, e.g., the dielectric function of
the material can be extracted through a Kramers-Kronig
analysis of high quality spectra. The energy loss processes
taking place in this energy region can be divided into two
main categories.
One category is the collective excitations of the valence
electrons, which can be considered as a plasma. These exci-
tations occur when the incident electron perturbs the outer
valence electrons of the material, causing collective oscilla-
tions called plasmons with eigenfrequency p. The ideal
free electron plasma frequency is fully determined by the
valence electron density. These plasmons are usually the
single most intense feature available in the energy-loss spec-
trum. However, studies of the plasmon energies reveal that
the electrons in real materials do not behave exactly as a free
electron plasma. This is because the electron gas oscillates in
a solid with a potential set up by the atom cores. Further-
more, single electron excitations may contribute to raising or
lowering the plasmon energy. In principle, careful investiga-
tion of the plasmon energy of materials could reveal impor-
tant information on their electronic structure.8 Unfortunately,
an interpretation of the observed spectra along these lines is
extremely demanding, and in practice the plasmon energies
have mainly been used to study changes in valence electron
density, e.g., resulting from strain or hydration of metals.9,10
In addition to the plasmons, the low energy-loss region
contains low energy interband transitions of single electrons.
These interband transitions cannot be interpreted with refer-
ence to the unoccupied density of states only. The initial
states of these transitions are located close to the Fermi level,
and are usually not localized in energy. The energy losses
must therefore be discussed in light of a convolution of ini-
tial states below the Fermi level with final states above it,
reflecting a dipole selected joint density of states. Due to the
dependence on both initial and final states we can expect
these low energy-loss interband transitions to be very sensi-
tive to bonding effects in the material, potentially revealing
information on the electronic structure. As with the plasmon
energies, the interpretation of these spectra is very challeng-
ing and has not been widely applied to study the electronic
structure of materials. For this region of the energy-loss
spectrum to be more extensively used to study the electronic
structure, there is a need for strong interaction between
theory and experiment.
However, the calculation of electronic excitations from
first principles is a highly non-trivial problem, which so far
has no satisfactory solution.11,12 Some methods are in prin-
ciple exact, but their scaling behavior with system size pro-
hibits their use except for the smallest model systems—the
configuration-interaction method13 and Green’s function
based quasi-particle approaches14,15 are examples of this.
Time-dependent DFT, on the other hand, is also in principle
exact and has much better scaling behavior, but the correct
form of the exchange-correlation function and its variation
kernel are not known, and no good general approximations
have been found so far.16–18 This is a very active field of
research, and a number of possible solutions are
emerging.19–23 However, these are still usually accessible
only for very small systems.
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Thus, for calculating these properties for larger unit cells,
one has to turn to simpler DFT response calculations, in
which the Kohn-Sham eigenvalues are taken as quasiparti-
cles from which optical excitation energies may be calcu-
lated. This is not formally justified, but direct comparisons of
calculated core loss spectra with experimental results have
shown good correspondence for some systems.24–27 How-
ever, the correspondence of theoretical and experimental low
energy-loss spectra is less well investigated.
Recently, Keast28 compared the theoretical plasmon en-
ergy and low energy-loss spectra for a number of elemental
solids and some binary alloys with experiments with good
results. Also, Moreau and Cheynet29 compared band struc-
ture calculations with EELS experiments on BN filaments.
Furthermore, a satisfactory agreement between experimental
and calculated dielectric function has already been achieved
for simple crystals such as Si.30
We intend to approach more complicated materials than
the tetrahedrally coordinated semiconductors: crystals with a
larger unit cell, without a well-defined number of valence
electrons and more than one type of nearest neighbor bonds.
At the same time we look for a material system without
stoichiometry problems and crystals of high quality. Interest-
ing candidates are materials with the skutterudite structure.
These are line compounds, and virtually defect free as
judged by transmission electron microscopy. In addition, ma-
terials with this structure are highly interesting thermoelec-
tric materials which strengthen their candidacy as excellent
model systems.
We study the binary skutterudites CoP3, CoAs3, and
CoSb3. The crystal structure of these materials is cubic. Co
has six P nearest neighbors d2sp3 hybrid bonds, while the
pnicogen is tetrahedrally coordinated with two Co and two P
nearest neighbors sp3 hybrid bonds.31 Several band struc-
ture calculations have been performed on these and similar
materials using DFT.32–34 However, apart from measure-
ments of the electronic conductivity and Seebeck coefficient,
there are few direct comparisons between calculations and
experimental results for these materials, particularly when it
comes to detailed information about their electronic
structure.35–38
The aim of the present work is to compare DFT calculated
and EELS extracted dielectric functions for crystals with
more complex bonding than has previously been approached.
We believe that this combination of experimental and theo-
retical methods to study the electronic structure may become
a powerful synergistic approach towards understanding the
electronic properties of materials. A major motivation for
using EELS is that this technique may become particularly
powerful for nanomaterials, and when only small amounts of
materials are available, since EELS spectra can be acquired
from nanometer sized regions.
II. EXPERIMENTAL PROCEDURES, DATA ANALYSIS,
AND THEORETICAL METHODS
A. Synthesis and sample preparation
The skutterudite samples were prepared by direct reaction
of the constituent elements during heating in evacuated and
sealed silica tubes. The homogeneity of the samples were
subsequently checked by x-ray powder diffraction in trans-
mission with a Siemens D5000 diffractometer using mono-
chromated Cu-K1 radiation. The samples were found to be
almost completely single phase, with only small amounts of
impurity phases present. The lattice constant a and position
parameters y and z were refined using the General Structure
Analysis System GSAS.39 The experimental values of this
study show good agreement with those reported earlier.40–42
Samples for transmission electron microscopy TEM and
electron energy loss spectroscopy EELS were prepared by
grinding in ethanol in an agate mortar and deposited on a
carbon film suspended on a copper mesh. The composition of
the samples was then checked using energy dispersive x-ray
analysis EDS in a JEOL 2000FX TEM operated at 200 kV
fitted with a Tracor Northern EDS detector and a Noran Sys-
tem Six analysis system. The EDS analyses showed that the
samples were of the correct composition within the experi-
mental accuracy. Furthermore, electron diffraction and imag-
ing in TEM showed that the crystals were of excellent qual-
ity.
B. Electron energy loss spectroscopy
The EELS studies were performed using a post column
Gatan imaging filter fitted to a field emission JEOL 2010F
TEM operated at 197 kV. The TEM was operated in image
mode with a collection semiangle =6 mrad, and a slightly
convergent electron beam with incidence semiangle  ap-
proximately 3 mrad.
The spectra were obtained with an energy resolution of
1.2 eV, as determined by the full width at half maximum of
the zero-loss peak, and a spectrometer dispersion of
0.2 eV/channel. The energy scale was further calibrated us-
ing the plasmon peak of pure Si as a standard. The spectra
were corrected for channel-to-channel gain variations in the
detector, and the dark current was subtracted. The spectra
were obtained from sample areas of thickness between 1 and
2 times the mean free path of the fast electrons. This ensured
that the relative contribution of the surface plasmons was
negligible.
Figure 1 shows an example of the spectra obtained in this
fashion, the multiple plasmon peaks appear because an inci-
dent electron may lose energy to plasmon excitation more
than once. The effects of multiple scattering were removed
through a Fourier-log deconvolution as implemented in the
Gatan EELS Analysis Software see Egerton43 for details.
Thus the single scattering distribution SE was obtained.
The subtraction of the broad tails of the zero loss peak is
of special importance when studying the low energy-loss
area of the spectrum. A zero loss profile obtained without the
sample was used in the deconvolution of each spectrum to
identify the elastic contribution. This premeasured profile
was fitted to the spectra in the region 1.5–2.5 eV. As a result
of this fitting, spectral information in this area may be lost.
Figure 2 shows an example of how this fitting was done.
The energy loss suffered by an incident electron is deter-
mined by the electronic response of the material, which is
described by the complex dielectric function E. The di-
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electric function is related to the experimental single scatter-
ing distribution through
SE  Im− 1
E = 212 + 22 . 1
The full dielectric function can be retrieved from the ex-
perimental spectrum through a Kramers-Kronig analysis.
This was also done using the Gatan EELS Analysis software,
see Egerton43 for details.
C. Density functional theory
The calculations were performed using density functional
theory at the generalized gradient approximation level.
Structural relaxations and densities of states DOS were cal-
culated using the Vienna ab initio Simulation Package
VASP.44,45 For VASP, the energy cutoff for the plane wave
expansion was 650 eV, the k-point distances were less than
0.20 Å−1, the criterion for self-consistency was energy con-
vergence within 10−5 eV, and spin polarization was allowed.
Ionic relaxation was said to be achieved when all forces were
less than 0.05 Å−1.
The dielectric function of the skutterudites was obtained
from the Optic package of the WIEN2K code.46 In these calcu-
lations, the dipole approximation is assumed valid, and only
transitions satisfying the dipole selection rule l= ±1 are
considered. Convergence of the WIEN2K results were achieved
with the product RMTKmax=7, the largest vector in the charge
density Fourier expansion Gmax=14, and the number of k
points chosen to be 1000.
The calculated dielectric function can be compared to the
experimental dielectric function obtained as described above.
Alternatively, a theoretical spectrum can be calculated ac-
cording to Eq. 1 and compared directly to the experimental
results. The theoretical plasmon energy of the three com-
pounds was obtained from the maximum of this theoretical
spectrum.
III. RESULTS AND DISCUSSION
The cell parameters and positional parameters y and z
obtained from the fully relaxed cell of the DFT calculations
are listed in Table I along with previously reported XRD
values and those obtained in this study. The overall agree-
ment between theory and experiments is very good, although
the DFT calculations seem to slightly overestimate the cell
size less than 1%.
The total density of states DOS and the symmetry pro-
jected local density of states for the three skutterudites are
shown in Fig. 3. In general, the DOS for the three com-
pounds show great similarity. The Co d states are split into
states of t2g and eg symmetry due to the octahedral environ-
ment of the Co atoms, with the majority of the Co d states
strongly peaked in an area approximately 2–2.5 eV below
the Fermi level. The pnicogen p states are rather uniformly
distributed above and below the Fermi level, hybridizing
with the Co d states and contributing heavily to the total
DOS in the −7 to +5 eV region. The Co s and p states con-
tribute only to a small degree to the total DOS, while the
pnicogen s states dominate in the region 9–15 eV below the
Fermi level. In CoP3, the Fermi level is located at the very
lower edge of the conduction band, while in CoAs3 and
CoSb3 it is shifted slightly downward towards the valence
band, into the pseudogap where the density of states is very
small. It is also evident that this pseudogap is largest for
CoP3, and decreases in width in the skutterudites with the
heavier pnicogens and larger unit cells. These results are in
good agreement with previous work32,34,35 and will later be
used in the interpretation of experimental and theoretical
spectra obtained in this study.
A. Plasmon excitations
The experimental energy-loss spectra from the skutteru-
dites show rather sharp plasmon peaks, and pronounced ad-
ditional peaks associated with multiple plasmon losses are
visible as exemplified in Fig. 1. This behavior is very similar
to that displayed by semiconductors and simple metals, while
transition metals and their oxides usually display only a
single broad plasmon. The Fourier-log deconvolution suc-
cessfully removed the contributions from multiple scattering,
giving the single scattering distributions shown in Fig. 4a.
FIG. 2. Example of the zero-loss peak removal and Fourier-log
deconvolution. The unprocessed raw data is shown with a fully
drawn line, while the fitted zero-loss peak is the dotted line. The
resulting spectrum after subtraction of the zero loss peak and de-
convolution is shown with a dashed line.
FIG. 1. In the raw data obtained from the EELS experiment
before deconvolution, multiple plasmons are observed. Here is
shown an unprocessed experimental spectrum from CoAs3 where
we observe a plasmon energy of slightly more than 20 eV.
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We immediately recognize the intense plasmon peaks asso-
ciated with collective oscillations of the valence electrons.
Also visible are energy loss features associated with the M4,5
and N4,5 excitations of outer core electrons of As and Sb,
respectively.
The theoretically calculated spectra for the compounds
are shown in Fig. 4b. Similar to the experimental results,
these show a single sharp plasmon peak, and loss features on
the high energy side of the plasmon peak associated with the
excitation of outer core electrons. The experimental plasmon
peaks are significantly broader than those of the theoretical
spectra, a feature that can be explained by broadening caused
by the limited energy resolution of the experiments. The ex-
perimentally obtained plasmon energies are given in Table II,
alongside theoretical values obtained from the DFT calcula-
tions.
The plasmon energy of materials displaying narrow, well
defined plasmon peaks is often successfully predicted by the
free electron Drude model. In this model, the plasmon en-
ergy is given by Ep
D
= p
D
, where p
D is the frequency of the
plasma oscillation given by8
p
D
= ne2
0m0
. 2
TABLE I. The lattice constant a, and position parameters y and z for the three skutterudites obtained by
XRD and DFT. Previously reported experimental values are listed for comparison. The DFT cell parameter
for CoP3 is from a previous study Ref. 47.
a Å y z
CoP3
XRD this work 7.71631 0.348123 0.1428529
Previously reported XRD Ref. 40 7.71128 0.348956 0.145136
Previously reported DFT Ref. 47 7.735 0.348 0.146
CoAs3
XRD this work 8.20562 0.33843 0.148125
Previously reported XRD Ref. 41 8.1953 0.34311 0.15031
DFT this work 8.277 0.341 0.152
CoSb3
XRD this work 9.04636 0.32996 0.15606
Previously reported XRD Ref. 42 9.03853 0.335374 0.157884
DFT this work 9.117 0.334 0.160
FIG. 3. Color online Total and local projected density of states
for CoP3, CoAs3, and CoSb3. The total density of states for CoP3
was published in a previous study Ref. 47.
FIG. 4. Color online Experimental and theoretical low energy-
loss spectra for the three skutterudites. a Experimental spectra
showing a single plasmon peak. b Theoretical spectra. The energy
loss peaks associated with the As M4,5 transitions and the Sb N4,5
transitions are visible in both the experimental and theoretical
spectra.
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Here, n is the density of valence electrons, e and 0 are
the elementary electric charge and the permittivity of free
space, while m0 is the free electron mass. Table II also lists
the plasmon energy found by using Eq. 2 and assuming
three valence electrons for Co and five electrons for P, As,
and Sb, giving a total of 144 valence electron per unit cell for
all the skutterudites
Using this valence electron count, the Drude model pre-
dicts a reduction of Ep as the unit cell size increases and the
valence electron density decreases. We see that this is in fact
the case, with CoSb3 having the largest unit cell and the
lowest plasmon energy, while CoP3 has the smallest cell size
and thereby the largest plasmon energy. Other than this, we
note that the Drude model significantly, and consistently, un-
derestimates the plasmon energy of the skutterudites. The
deviation between experimental and predicted plasmon ener-
gies ranges from 4 to nearly 7%.
The basic premise of the Drude model is that the valence
electrons can be considered as simple harmonic oscillators.
The plasmon frequency p
D is then identified as the fre-
quency of resonant oscillation. However, when transition
metals are involved, this simple picture is complicated by the
fact that these elements have an outer shell consisting of a
large number of d electrons that are bound to a varying de-
gree. Thus, the transition metals and their oxides usually dis-
play a single, broad plasmon peak, and the Drude model
often fails to predict their plasmon energies. In comparison,
simple metals such as Be, B, Na, and Al, and semiconductors
such as Si, Ge, and GaAs have sharp plasmon peaks near the
predicted value, and peaks associated with the multiple
losses are readily observed.8,43,48 The skutterudites represent
a different class of materials where the plasmons display the
characteristics of simple metals or semiconductors, but the
Drude model fails to predict their energy.
When turning to the DFT calculations, we note that the
correspondence with the experimental plasmon energies is
not much better than for the Drude model; the plasmon en-
ergy of CoSb3 is significantly overestimated 6% while
those of CoP3 and CoAs3 are underestimated by 2–4%.
Despite this, the results presented here are only slightly
poorer than that achieved for simpler systems,28 and for Si
using more sophisticated methods.30 We have also performed
spin-polarized calculations not presented, but these give an
even worse result both in the position of the plasmon peak
and the line shape relative to the experimental ones. One
possible reason may be a fortuitous cancellation of errors in
the spin-restricted calculations. To improve these numbers
further, more sophisticated methods than standard DFT must
be used, such as time-dependent DFT or Green’s function
based approaches such as Hedin’s GW method49 including
electron-hole interactions—this is beyond the scope of the
current work.
Thus, the main advantage of the DFT calculations, com-
pared to the free electron model, is that also the line shapes
of the absorption spectra, as well as the dielectric function,
are relatively easily achieved. This is due to the former being
based on the calculated band structure of the compounds.
B. Single electron transitions in the low energy-loss region and
the dielectric function
The intensity of the EEL spectrum associated with single
electron transitions is given by50
I  	 feik·r	i2
= 		 f1 + ik · r + ik · r22! + ¯ 	i	2

 	 fik · r	i2. 3
Here 	i and 	 f designate the occupied initial and unoc-
cupied final states, k is the momentum transfer from the
incident electron to the excited electron, while r is the posi-
tion of the electron with the atom core as the origin. If the
product k ·r is sufficiently small, the higher powers of the
Taylor series in Eq. 3 vanish, and the dipole approximation
is to be considered valid. All observed transitions then obey
the dipole selection rule l= ±1. This situation is usually
achieved by using a small entrance aperture for the spec-
trometer, which limits the scattering vector k.
In core-loss spectroscopy, the initial states are atomic in
nature and are usually assumed to be highly localized in
energy. The spectral features are therefore mainly due to
variations in the density of empty states above the Fermi
level. However, we wish to examine the fine structure of the
low energy-loss region below the plasmons. In these experi-
ments, both the initial and final states are located close to the
Fermi level and distributed in energy. The observed energy
loss features are then related to a joint density of states. We
expect this fine structure to be very sensitive to the bonding
in the skutterudites. In principle, it is also possible to mea-
sure the band-gap of materials using EELS. However, this is
practical only for wide band-gap semiconductors and insula-
tors using systems with sub-eV energy resolution.51
Figure 5 shows the low energy-loss region of the three
skutterudites after deconvolution and with the zero loss peak
removed, together with the calculated spectra. Here, theoret-
ical spectra calculated both with and without a 0.3 eV
Lorentzian broadening are shown. At the high energy side of
these figures, we see the rising intensity of energy loss due to
the plasmon excitations. The plasmon peaks extend outside
the figures.
On the low energy side of the plasmon peaks, there are
trailing shoulders in both the theoretical and experimental
spectra. These shoulders are associated with the low energy
single electron transitions close to the Fermi level. We note
that for all three materials this shoulder is rather featureless,
TABLE II. Experimental plasmon energy Ep
exp for the three skut-
terudites. We also list the plasmon energy calculated from the
Drude model Ep
D and the plasmon energy found from the ELF based
on the dielectric function Ep
DFT
. The relative deviation  of the
calculated vs the experimental energy is also listed.
Ep
exp/eV Ep
D / eV  Ep
DFT/eV 
CoP3 21.67±0.08 20.78 −4.1% 20.9 −3.55%
CoAs3 20.34±0.11 18.95 −6.8% 19.9 −2.16%
CoSb3 16.88±0.09 16.37 −3.0% 17.9 +6.04%
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reflecting the uniform unoccupied density observed in Fig. 3.
Regardless of this, the qualitative shape of this low energy-
loss region varies somewhat in the three materials, and this
variation is reasonably reproduced in the calculated spectra.
Furthermore, for CoAs3 it is possible to identify individual
features in both the theoretical and experimental spectra. In
particular, features in the energy-loss spectra just below
10 eV and around 13 eV could represent dipole allowed
transition from the very sharp As s feature located approxi-
mately 8–10 eV below the Fermi level to available states
with p symmetry, see Fig. 3. Even though the details avail-
able in the experimental spectra are rather limited in com-
parison to the theoretical spectra, the overall correspondence
is good, indicating that the calculated electronic structure
fairly accurately reflects the real bonding in the skutterudites.
At these low energies, the possible breakdown of the di-
pole approximation needs to be considered. As explained
earlier, the DFT calculations only take into account electron
transitions satisfying the dipole selection rule l= ±1. How-
ever, since we are considering transition of the outer shell
electrons, the product k ·r may approach or exceed unity as
r is very large. This may lead to additional energy loss in-
tensity in our spectra, and cause the dipole transitions to be
partially hidden by a “background” of nondipole transitions.
However, we observe no obvious effects indicating a break-
down of the dipole selection rule, except possibly a general
broadening of the features.
Based on the good agreement between the experimental
and theoretical spectra, we wish to compare the theoretical
dielectric function with the dielectric function derived di-
rectly from the experiments. The complex dielectric function
of a material describes the electrical response of the material
to external fields, and is usually obtained from optical ex-
periments, but can also be retrieved from the low energy-loss
spectra through deconvolution and subsequent analysis using
the Kramers-Kronig relation.43 This approach has several ad-
vantages over the conventional optical methods: the experi-
ments can be performed on minute amounts of nontranspar-
ent material and may yield the dielectric function over a
larger range of frequencies.
FIG. 6. a The real and b imaginary parts of the dielectric
function of CoAs3. The experimentally obtained function is shown
with a fully drawn line, while the theoretical function is a dashed
line.
FIG. 5. The experimental fully drawn line, and theoretical
energy-loss spectra of a CoP3, b CoAs3, and c CoSb3. The
theoretical spectra have been calculated with dashed and without
dotted a 0.3 eV Lorentzian broadening. The relative scaling of the
theoretical data with respect to the experimental data is arbitrary, no
direct comparison of the absolute intensity is possible.
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The Kramers-Kronig analysis successfully extracted the
real and imaginary parts of the dielectric function from our
experimental data from CoAs3, but was less successful for
the other two materials. The experimental dielectric function
of the As-based skutterudite is shown in Fig. 6 together with
the theoretical dielectric function. Both the real and imagi-
nary parts of the experimental dielectric function display
peaks in the lower parts of the spectrum. These occur at
approximately 1.8 and 2.4 eV, respectively, which is in ex-
cellent agreement with the DFT calculations that indicate
maxima at 1.4 and 2.5 eV. The real part of the experimental
dielectric function crosses zero at about 6.1 eV, which is
significantly higher than the DFT value of 2.9 eV. There is
also a significant difference in the slope of both the real and
imaginary parts in the 4–10 eV region. Despite these differ-
ences the overall agreement between experiment and theory
is reasonable, suggesting that using EELS to investigate the
dielectric function and comparing to theoretical calculations
may be an important tool in studying the electronic structure
of novel materials.
IV. CONCLUSION
We achieve a reasonable agreement between the DFT cal-
culated and EELS extracted dielectric functions in our study
of binary skutterudites. However, there are also significant
differences. The cause of these differences is not likely to be
that our experiments are performed materials that deviate
from the nominal compositions, nor defects in the material
that disturbs the measurements. When it comes to details of
the dielectric function there may be inaccuracies on the ex-
perimental side in the procedures used to correct the spectra
for multiple scattering. However, EELS represents a highly
robust and accurate method to measure the plasmon energy.
Thus, the significant discrepancy between EELS measured
and DFT calculated plasmon energies may inspire to further
improvements of first-principle calculations. An interesting
characteristic of EELS is that the technique can be used on
nanometer sized volumes. Thus, plasmon energy measure-
ments by EELS may become a valuable technique to test
DFT calculations on nanomaterials, a parallel to use calori-
metric data to test DFT calculations on bulk materials.52
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